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Pentium 4 
processor

Evolution of MOSFET gate length in production‐stage integrated circuits (filled 
d i l ) d I i l T h l R d f S i d (ITRS)red circles) and International Technology Roadmap for Semiconductors (ITRS) 

targets (open red circles). As gate lengths have decreased, the number of 
transistors per processor chip has increased (blue stars). Maintaining these 
trends is a significant challenge for the semiconductor industry which is whytrends is a significant challenge for the semiconductor industry, which is why 
new materials such as graphene are being investigated.
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MOS structure





Accumulation, depletion, and inversion
Ass me  Assume: m= s



Poisson’s equation



Solving Poisson’s equation



Metal‐Oxide‐Semiconductor 
Field‐Effect TransistorField Effect Transistor 

(MOSFET): basis
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Field‐effect transistors: 
id litinon‐idealities



Short-channel MOSFET

If

and

Threshold voltage becomes sensitive to the channel length and drain bias



2D potential-contours

(Same gate voltage)

Long-channel Short-channel



Drain-Induced Barrier Lowering (DIBL)Drain Induced Barrier Lowering (DIBL)



Velocity saturation

* Because of velocity
saturation the saturation ofsaturation, the saturation of
drain current in a short 
channel device occurs at a
much lower voltagemuch lower voltage
thanVdsat=(Vg-Vt)/m for
long-channel MOSFETs.

 This causes the
saturation current, Idsat , to
deviate from the  (V V )2deviate from the  (Vg-Vt)2

behavior and 1/L 
dependence.



Microelectronics
evolution is based onevolution is based on

MOSFET scaling







Clever solutions to
continue CMOS scalingcontinue CMOS scaling



Multigate transistors as 
the future of classical 
metal–oxide–metal oxide
semiconductor field‐
effect transistors
Isabelle Ferain, CynthiaIsabelle Ferain, Cynthia 
A. Colinge & Jean‐Pierre 
Colinge
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Multi‐gate MOSFET
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The tunnel effect transitor as anThe tunnel effect transitor as an
illustrative example of 

nanoelectronic device taking
advantage of quantum effectsadvantage of quantum effects
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Nanoelectronic devices: 
taking advantage of low‐
dimensional materials Thedimensional materials. The
case of  1D transistors based

on carbon nanotubes



What is a Carbon Nanotube?
CNT is a tubular form of carbon with diameter as small as 1nm.

Length: few nm to microns.

CNT is configurationally equivalent to a two dimensional grapheneCNT is configurationally equivalent to a two dimensional graphene

sheet rolled into a tube.

A CNT is characterized by its Chiral Vector: Ch = n â1 + m â2, y h 1 2,

 Chiral Angle with respect to the zigzag axis. 



Armchair (n,m) = (5,5)
 = 30

Zig Zag (n,m) = (9,0)g g ( , ) ( , )
 = 0

Chiral (n,m) = (10,5)
0 < < 30















The road to carbon 
nanotube transistorsnanotube transistors 
AARON D. FRANKLIN
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Nanoelectronic devices: takingg
advantage of low‐dimensional 
materials The case of 2Dmaterials. The case of  2D 

transistors based on graphene
and other 2D crystals



Unbiased Biased

Properties of graphene relevant for FETs
Graphene GNR 
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Transistores 2D 



Towards THz operation
Graphene FETs present an enormous potential for radio-frequency and analog
applications (cellular phones, WLANs, WPANs, radar, imaging). 

Applications of RF and Analog
Technologies [ITRS Roadmap]



a, Small‐signal equivalent FET circuit. The intrinsic 
transconductance, gm, is related to the internal 
small‐signal gate–source and drain–source 
voltages, vGSi andvDSi, whereas the terminal 
transconductance, gmt, is related to the applied 
gate–source and drain–sourcegate source and drain source 
voltages, VGS and VDS (Table 1 and Fig. 2b). b, The 
drain current, ID (blue lines), at different values 
of VGS, and the cut‐off frequency, fT (red line), both 

f d f h h lversus VDS for a radiofrequency GaAs high‐electron‐
mobility transistor15, 16. The cut‐off frequency peaks 
at VDS = 1 V and VGS = 0.15 V. c, The intrinsic 
transconductance (blue line), the overall gatetransconductance (blue line), the overall gate 
capacitance, CG = CGS +CGD (red line), and the drain 
conductance, gds (1/rds; black line), versus VDS for 
the same FET.

Graphene transistors
Frank Schwierz
Nature Nanotechnology 5 487Nature Nanotechnology 5, 487–
496 (2010) doi:10.1038/nnano.2010.89



Graphene-FETs for RF applications

Lin et al., “100 GHz Transistors
from wafer scale epitaxial

Silicon MOSFETs with a similar 
from wafer scale epitaxial

graphene”, Science 327 (2010 )
gate length exhibit cutoff
frequencies of   40 GHz



First graphene integrated circuit: RF mixer

Lin et al., “Wafer scale graphene
integrated circuit “ Science 332integrated circuit , Science 332 

(2011) 



Cell-phone block diagram
Graphene technology could be very useful for building-up the RF Front-end of 
cell-phones
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Other 2D atomic crystals
analogues of grapheneanalogues of graphene

Novoselov et al., “Two
dimensional atomic crystals”dimensional atomic crystals , 

PNAS 102 (2005)



Other 2D atomic crystals analogues of graphene

Novoselov et al., “Two
dimensional atomic
crystals” PNAS 102crystals , PNAS 102 

(2005)



A family of semiconducting 2D atomic
crystals: Transition Metal Dichalcogenidesy g

MX2 where M=Mo,W and X=S,Se,Te

W. S. Yun et al., “Thickness and strain effects on electronic structures of 
transition metal dichalcogenides”, Phys. Rev. B 85, 033305 (2012)



First demonstration of 
MoS2-FETMoS2-FET

Radisavljevic et al., “Single-layer MoS2 transistors”, 
Nature Nanotechnology 6 (2011)



First
demonstrationdemonstration
of MoS2-FET



2D crystal based heterostructures
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Georgiu et al., “Vertical field‐
effect transistor based on 
graphene–
WS2 heterostructures for flexible 
and transparent
Electronics” NATURE 
NANOTECHNOLOGY | VOL 8 | 
FEBRUARY 2013 |



Current 2D crystal libraryCurrent 2D crystal library



G h Fl hi j tGraphene Flagship project

Graphene appointed an EU Future Emerging Technology flagship. The 
European Commission has chosen Graphene as one of Europe’s first 10‐year, 
1000 million euro FET flagships. The mission of Graphene is to take graphene
and related layered materials from academic laboratories to society, 
revolutionize multiple industries and create economic growth and new jobs 
in Europe.

http://www.graphene‐flagship.eu/GF/index.php


